We analyze trends in yield growth and yield variability of barley, maize, oats, rye, triticale and wheat in Switzerland from 1961 to 2006. In contrast to linear trends in crop yield growth for most European countries we find significant trends of slowing yield growth for cereal yields in Switzerland. This is caused by the introduction of direct payment schemes that foster environmentally friendly crop farming practices in general and extensive cereal farming in particular. The recently introduced reform of common agricultural policy in the European Union will foster higher shares of reduced input, i.e. extensive, farming. Thus, the saturation of cereal yield growth in Switzerland might indicate future development of crop yields in the European Union.
1.

Introduction
Crop yields increased remarkably on a global scale in the last century due to technological development (Hafner, 2003) . This development was caused by the adoption of better crop management practices, improved crop varieties, usage of fertilizers, pesticides and insecticides, improved mechanization, improved adaptation to environmental conditions and irrigation (Calderini and Slafer, 1998, and Evans, 1997) .
Future development of crop yields is expected to come from similar sources (Hafner, 2003) . Trends in crop yield growth are analyzed in order to predict future land use and future food supply. In particular, technological development, climate change and socioeconomic conditions are assumed to be the determinants of development in crop yields in the future (Ewert et al. 2005 and .
In Europe, annual yield increase is found to be stable since 1960 (e.g. Ewert et al., 2005) . Such linear yield growth, i.e. constant annual yield increase, for Europe is supported by Hafner (2003) . Trends of slowing yield growth are found in countries that are characterized by small per-capita GDP and low latitude by Hafner (2003) . Thus, these trends are caused by economic (GDP) and biophysical (latitude) factors. In this paper, we show on the example of Swiss cereal yields that agricultural policy can be a further reason for slowing yield growth.
In Switzerland a direct payment scheme was introduced in 1992 that fostered extensive cereal farming. Due to lower yield levels in extensive than in conventional farming systems, trends in cereal yields show saturation since the early 1990s. Recently introduced incentive schemes in the European Union will foster higher shares of extensive farming (Schmid and Sinabell, 2007) . Thus, saturation of crop yield growth, such as in Switzerland, might be a prospect for development of crop yield growth in the European Union.
In this study, we use FAO (2007) Exceptional yield events, such as the reduced crop yields in 2003 due to the summer drought in Europe (Ciais et al. 2005) , can have large influence on the estimation of trends in yield growth. The influence of these exceptional observations is usually reduced by using moving averages of yields for trend estimation (e.g. Calderini and Slafer, 1998, and Reilly et al., 2003) . In order to isolate the true underlying trend in yield growth and to identify exceptional observations we employ robust regression to estimate trends in yield growth. These estimates are not affected by exceptional yields if robust regression is used. The use of robust regression thus ensures efficient and reliable results in yield trend estimation.
2.
Material and Methods 
Data
Trend Analysis
Annual yield data is fitted to two different models: a linear and a quadratic trend model. The linear trend model, which is often employed in crop yield trend analysis (e.g. Calderini and Slafer, 1998 , Hafner, 2003 , and Krause, 2007 , is defined as follows: 
β are the coefficient estimates, X is the matrix of independent variables and y the vector of dependent variables. X consists of time indexes t i and 2 i t , and y consists of yield observations in our analysis. OLS estimation is vulnerable to outlying observations (Hampel et al., 1986, and Rousseeuw and Leroy, 1987) . Outlying observations deviate from the (quasi) linear relationship described by the majority of the data. They can have a large influence on estimation results. In OLS estimation, one outlier can be sufficient to move the coefficient estimates arbitrarily far away from the actual underlying values.
Possible sources of outlying observations in the analysis of yield growth are methodological changes and inaccuracy in data collection (Calderini and Slafer, 1998) and climatic extreme events such as droughts and heavy rainfalls (Finger and Hediger, 2007) . Moreover, wrong model assumptions can cause outliers. Outliers occur, for instance, if data that follows a nonlinear trend is fitted to a linear model.
Re-weighted Least Squares
Regression. In order to avoid vulnerability of regression analysis to outliers, robust regression is used. Robust regression techniques identify and delete (or down weight) outlying observations to isolate the true underlying relationship.
Using farm level maize yield data from the US, several robust regression methods are employed to estimate linear trends by Swinton and King (1991) . They conclude limited ability to detect outliers in yield data for some robust regression techniques. However, an efficient and robust procedure, not taken into account by Swinton and King (1991) , is the RLS regression proposed by Rousseeuw (1984) . This regression technique is employed in our analysis and roughly described in the following.
The Least Trimmed Squares (LTS) estimator is applied to identify outliers. This estimator can cope with outliers in the data. Basic idea of LTS estimation is to trim (i.e. not take into account) observations with large residuals for estimation of regression coefficients. The LTS fitting criterion is defined as follows: 2 1 : . The computation of LTS coefficients is neither explicit (such as for OLS) nor iterative but follows an algorithm that is described in Rousseeuw and Leroy (1987) . Because the efficiency of LTS estimation is low, LTS results allow not for trustful inference (Rousseeuw and Leroy, 1987) . To provide robust and efficient coefficient estimates, LTS is only used as a data analytic tool that identifies outliers. An observation is indicated as an outlier if the absolute standardized LTS residual (
exceeds the cutoff value of 2.5 (Hubert et al., 2004) . ti r is the (robust) LTS regression residual and σ the (robust) LTS scale estimate.
RLS regression is a weighted least squares regression that gives zero weights to observations that are identified as outliers. The vector of coefficient estimates for RLS regression is defined as follows:
The diagonal elements ( 
The indicator function, I, generates weights of zero for observations identified as outliers and weights of one otherwise. RLS regression combines robustness and efficiency properties of LTS and OLS estimation, respectively. Therefore, this regression technique is suitable to ensure efficient estimation in presence but also in absence of outliers (Rousseeuw and Leroy, 1987) . OLS and RLS estimation is conducted with the MODEL and the ROBUSTREG procedure, respectively, of the SAS statistical package (SAS, 2004 ).
Trends in Yield Stability
Following Calderini and Slafer (1998), we use regression residuals to assess the development of yield stability over time. Yield variability is defined as the absolute residual of the yield growth trend estimation, i.e. the absolute difference between observed and predicted yield ( In addition, we analyze trends in relative yield variability. This measure of variation is closely related to the coefficient of variation (Reilly et al., 2003) . Relative absolute regression residuals are defined as the ratio of the absolute regression residual and the predicted yield and are fitted to a linear trend model. Linear Model. Coefficient estimates of the linear model (eqn. 1) for both OLS and RLS estimation are presented in Table 1 . Moreover, this Table contains the adjusted R 2 (see Greene, 2003 , for details) and those observations that are identified as outliers (eqn. 6). (Ciais et al., 2005) . As shown in Figure 1 for Switzerland, this summer drought led to smaller cereal yields than estimated by the trend lines. In particular the reduction of Swiss maize yields was large (Figure 1 ). Maize had not terminated growth by the time of the heat wave (Ciais et al., 2005 Increasing yield variation, i.e. less stable yield, that is significant at the .05 level is only indicated for barley and rye (Table 3) . We find positive but not significant trends in yield variation for maize, triticale and wheat. For oats the yield variation trend is, however, negative but not significant. We find a negative and significant trend for relative yield variability for oats. Thus, oats yields became, relative to the trend of yield growth, more stable from 1961 to 2006. We find increasing, but not significant, trends in relative yield variability for barley, maize and rye (Table 4) . Moreover, negative but not significant trends are found for triticale and wheat. 
4.
Discussion and Conclusion
Assuming linear trends, our analysis shows annual growth of 82, 124, 65, 78, 66 and 75 kg/year for barley, maize, oats, rye, triticale and wheat, respectively (cp. Table 1 We find significantly increasing yield variability for barley and rye. No significant trend in yield variability is found for maize, oats, triticale and wheat. In contrast, Krause (2007) figures out increasing yield variability for German maize and wheat yields for the period from 1950 to 2006. In our analysis, relative yield variability is even decreasing for oats and shows no significant trend for barley, maize, rye, triticale and wheat. This contradiction between trends in absolute and relative yield variability is shown by Calderini and Slafer (1998) for wheat yields in Germany, France, Spain and the UK.
In an analysis that covers three crops (maize, wheat and rice), 188 countries and the period from 1961 to 2001, Hafner (2003) found significant trends of saturation in crop yields in particular for countries with a small per-capita GDP and low latitude. Moreover, he found a trend of slowing maize yield growth for Austria. This trend is associated with the decline in fertilizer consumption in Austria since 1985. No saturation of Swiss wheat yields, as it is indicated by our study, is found by Hafner (2003) . The trend of slowing wheat yield growth is significant only if a longer period is taken into account such as in our study. Thus, the result of Hafner (2003) is not in contrast to our results.
The trend of slowing yield growth estimated in our analysis is caused by a high share of extensive cereal farming in Switzerland since the early 1990s. Direct payments for extensive cereal farming (except maize) were introduced in 1992 (BAFU, 2006) . These payments require no application of fungicides, plant growth regulators, insecticides and chemical-synthetic stimulators of natural resistance (BLW, 2007) . Since 1992, about fifty percent of the agricultural land that is used for cereal farming (except maize) is cropped extensively (BLW, 1993 (BLW, -2006 .
Due to a lower potential crop yield, less fertilizer is used in extensive cereal farming than for common agricultural practice. Nitrogen application, for instance, in wheat farming is about 30 kg/ha smaller for extensive than for common, medium intensive farming in Switzerland Nemecek, 2002, and Nemecek et al., 2001) . Moreover, mandatory environmental conditions for direct payments (i.e. cross-compliance) were introduced with the agricultural reform in 1998 and cover more than ninety seven percent of the agricultural area (Flury, 2005) . These standards, which comprise all crops, particularly cover measurements that protect soils and prevent excess in the fertilizer balance (BLW, 2007) .
As a consequence, application of mineral nitrogen fertilizer in Swiss agriculture at large declined by about thirty percent from 1990 to 2005 (BLW, 2006 . In particular due to lower fertilizer application, crop yields in extensive farming systems are smaller than for conventional management. Recent field trials (Baumann et al., 2006) show that Swiss wheat yields, depending on the variety, are about ten to fifteen percent smaller for extensive than for conventional farming systems.
In order to analyze the effect of the introduction of direct payment schemes, which foster extensive cereal farming and environmentally friendly crop farming practices, on trends in crop yield growth, we estimate linear trends for crop yield development for two periods: 1961-1991 and 1992-2006 . Linear trends, estimated with RLS, for yield growth of barley, maize, oats, rye, triticale and wheat in these two periods are shown in Table 5 . The breakdown of annual crop yield growth pointed out in our study for barley, oats, rye, triticale and wheat in Switzerland in the last decade might take place in other countries as well. The '2003' reform of common agricultural policy in the European Union increases incentives to adopt extensive farming due to lower prices and decoupling (Schmid and Sinabell, 2007) . The latter study shows that this reform will result in declining yields due to decreased application of agricultural inputs such as nitrogen and pesticides. Moreover, the slower yield growth found in our study for maize due to cross-compliance measures indicates the impact of agricultural policy towards environmental friendly farming practices on crop yield growth. Ewert et al. (2005) analyze future scenarios for changes in crop productivity in the European agriculture. They assume an increasing yield gap, i.e. the difference between potential and observed yields, which is caused by extensive farming as the future scenario with the lowest yield growth. Ewert et al. (2005) assume that this increasing yield gap leads to saturation in crop yield growth. Evidence for such development of crop yields is given by our study. Thus, saturation of yield growth in Switzerland might be a prospect for future crop yield development in the European Union.
